INTRODUCTION
In this paper, we describe a method to monitor changes in the diameter of through holes in thin plates. The method has the potential for applications in the industry.
As an example, there is a need for measuring the diameter of through holes in printed circuit boards while electrolytic plating is in progress. If the plating process would be stopped too early, then the plating thickness may not be sufficient. Stopping the plating process too late, would result in a through hole diameter that is too small and in unnecessarily high material consumption. Therefore, it is common practice to interrupt the plating process, and to manually measure a sample hole diameter. In some cases, this is even done using destructive means [1] .
In order to monitor the time-dependent plating thickness in a through hole, i.e., the diameter of such a hole, it bad been proposed [2] to use ultrasonic diffraction. The idea is based on the fact that a thin plate with a circular aperture, placed appropriately into the beam of an ultrasonic transducer, causes a diffraction pattem which is characterized by numerous pressure variations as a function of position. Particularly along the central axis, there are a series of rninima and maxima in the acoustic power, whose positions depend on the diameter of the diffracting aperture, and the acoustic wavelength. Therefore, the diameter could be calculated by measuring the position of an appropriate rninimum and I or maximum.
In the course of this work, we have investigated several mechanical prohing and frequency scanning techniques, but with little success. Wehave now developed a method that operates at two altemating fixed frequencies only. With the receiving ultrasonic probe positioned at a fixed location throughout the process, it is possible to detect diameter changes of a few rnicrons in 3-mm through holes.
THEORY
Equations that describe the diffraction of sound by a circular aperture in a thin plate are usually quite complicated, involving complex integral equations which are seldom analytically solvable. lt has been shown, however [3] , that in an isotropic medium the variation in the acoustic power along the beam axis behind such an aperture, for the purpose of our method, can be described by
where a is the radius of the source aperture, z is the distance from the source, and A. is the acoustic wavelength. Equation (1) assumes an infinitesimal small receiver aperture, but it is also a valid approximation if a,eceiver « asource· A plot of Equation ( 1 ), see Figure 1 , shows that the on-axis power variation has a last diffraction maximum at a distance Zmax• given by and a zero-pressure point, or last diffraction minimum, at about half the distance to Zmax• given by
The radius a can then be obtained from either Equation (2) or (3), if the wavelength A. = v I f, with v andfbeing the acoustic velocity and the frequency, respectively, is known. The precision, with which a change of the radius may be determined, depends on how accurately any shifts of either Zmin or Zmax can be tracked. However, interference effects due to standing waves between the plate and the moving receiver, make accurate and repeatable measurements very difficult. If frequency scanning is used instead, the frequencydependent transfer function needs to be taken into account. This also represents a significant complication. In view of this, we have developed a new method that operates at only two fixed frequencies and does not require mechanical probing. W e use Equation ( 1) again, but consider now the acoustic power as a function of frequency instead of the distance, i.e., P(f, z = const.). Assurne the receiver is positioned at the distance of the last maximum, i.e., Zreceiver = Zmax• corresponding to an initial diameter, and an initial frequency, say f.oitiat = 5 MHz. If the system bad a flat transfer function, then the power measured at some lower frequency, say ftow = hnitiaJ -2.5 MHz, and the power at some higher frequency, say frugh = hnitiaJ + 2.5 MHz, would be equal, which is illustrated in Figure 2 by the two open circles along the solid curve. Assuming the acoustic velocity to be constant, a decrease in the diameter d = 2a would then cause the power-versusfrequency curve to "expand" slightly, and result in two differing power values atftow and frugh' This is illustrated in Figure 2 by the two filled circles along the dotted curve. The difference between the power values at ftow and frugh can thus be used to establish a new parameter that correlates to the diameter of the source aperture. If this difference is normalized by the sum of the two corresponding power values, it may be called the Normalized Difference parameter, ND, which is then given by (4) In (4), PLF(a) and PHF(a) refer to the acoustic powers measured atftow and_t;,igh, respectively. The dependence of ND on d = 2a is shown in Figure 3 , where ftow = 4 MHz, frugh = 6 MHz, and Zreceiver = 7.4 mm for a = 3 mm and hnitial = 5 MHz. If the receiving probe were placed only close to the actual position of the last maximum, i.e., Zreceiver "' Zmax• the initial difference in pressures atftow andfhigh• would not be equal to zero, and the ND-versusd curve would have a slightly different slope, but the overall behavior is maintained, in particular for small changes in the diameter. This means, knowledge of the precise actual receiver position has essentially become unnecessary. It can be shown that the sensitivity of the Normalized Difference parameter ND with respect to a change !l.a in the hole radius a increases with increasing separation between the two frequencies ftow and frugh that are being used. 
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In Figure 2 , we have assumed that the system transfer function of the transmitterreceiver pair is flat. The method described here does not require this, however. Due to the fact that only two fixed frequencies are involved, it is sufficient if these frequencies are selected so that the two measured signals are approximately equal. This can be achieved by placing the two frequencies approximately symmetrically onto a transfer function with a maximum, or by selecting a pair of transducers with an appropriate location of its maximum in the pair' s transfer function.
An additional advantage of this method is given by the fact that possible interference artifacts play only a minor role. This is so because no moving parts are involved, and because only two fixed frequencies are utilized. Among the different methods investigated, the Normalized Difference method appears tobe the most practical one. Consequently, this method has been used to determine small changes in through hole diameters.
EXPERIMENT AL RESULTS
The experimental setup used has been described already elsewhere [4] . In short, this setup allows for an investigation of either variable detector position methods or variable frequency methods. A flat ultrasonic transmitter, immersed in a container filled with deionized water, is driven by a computer-controlled tonehurst generator. In the farfield of the transmitter, a plate with test holes, differing in diameter by about 0.002" (50 filll), is mounted onto an XYZ-translation stage. The plate material is an epoxy/fiberglass composite, called G 10, which is a very common substrate Iaminate in the printed circuit board industry [5] . A second ultrasonic transducer with a small aperture is mounted onto a second XYZ-translation stage. The R.F. receiver has the capability to determine the amplitude and the phase of the received acoustic signal.
The algorithm to determine changes in through hole diameters is illustrated in Figure 4 . At first, the system transfer function is sampled atfiow andfhigh• with the transmitter and the receiver aligned and fixed. Then a plate with through holes of different diameter is placed into the far-field of the acoustic transmitter, suchthat the receiverwill be located approximately at the position of the last on-axis diffraction maximum of the start through hole. Next, for large distances from the source aperture, z;:: Zmax• Equation (1) may be simplified, using the approximation Cl + a 2 )v. "' z + (a 2 I 2z), to
Thus, ifthe velocity, v, and the distance between the plate and the receiver, z, are constant, it is sufficient to know the product of these two parameters. Knowing the start radius, the value of the velocity-distance product is then determined by means of an iteration.
The feasibility of the two-frequency method was checked using a few differing through hole diameters. After careful alignment of a special three-hole plate, the center hole was used to calibrate the apparatus, i.e., making it the start hole. The plate was then shifted so that another of the three holes became coaxially located with the transmitterreceiver ensemble, and the received power values at the two frequencies were processed using Equation (4) . A subsequent iteration algorithm then correlated the obtained normalized difference parameter to the radius change, based on the data from the reference hole. This procedure was repeated a number of times with alternating through holes.
lterate value for v*z, based on ND(a,"""') Start Hole Diameter-Changing Process Measure P at I". and P at !""' to calculate ND(a.,,...,,) lterate value for Change in Radius, based on ND(a'"""'') and ND(a,.,.) Figure 4 . Algorithm to deterrnine changes in through hole diameters if the acoustic velocity stays constant throughout the process. The result is summarized in Table I , which gives the calculated changes in the radius rather than in the diameter, because the radius is more closely related to a plating thickness. lt should be noted also that these measurements have been performed using a transmitter-receiver pair, which shows a rather irregular transfer function. Moreover, the receiving probe of this pair has a relatively large sensitive aperture of 1.4 mm diameter.
As can be seen from Table I , the two-frequency method allows for the determination of changes in the through hole radius with an accuracy of ± 3 J.Uil. An error propagation analysis has been performed, according to which an error of ± 0.5 Jliil in the determination of the through hole radius has tobe expected, assuming an accuracy of 0.5% in measuring the signals P LF and P HF· The experimentally observed error of approximately ± 3 Jliil is in acceptable agreement with this theoretical value. A possible reason for this discrepancy may be the fact that the plate with the holes had to be moved.
DISCUSSION
In this paper, we describe a novel method that can be used to monitor changes in the diameter of a through hole. We demoostrate its operation by properly distinguishing between three through holes differing in diameter by about 50 Jlm, with an accuracy of a few microns. This method may have the potential capability to detect even sub-micrometer changes. 1t requires only two frequencies of operation, there are no moving parts, and it is fast and relatively cheap. The advantage of working at only two fixed frequencies is that the interference effects in the received power distribution, caused when either the distance or the frequency are continuously varied, are no Ionger invoked by the measurement process itself. In addition, the normalization makes this method quite robust and relatively insensitive to common noise problems. Another advantage is its simplicity, since the normally complicated system transfer function has been reduced to two values.
Until now, we have focused our attention onto the development of a robust method that provides a sufficiently high resolution. Therefore, all through hole measurements performed so far have been in water. In a typical electrolytic plating process, the concentration of the electrolyte is expected to change over time. This in turn willlead to a change in the acoustic velocity as a function of time. We have already started sturlies regarding this effect. These experiments have been performed with a commercially available nickel sulfamate #24 solution (768 g/1) in a dilute solution ofboric acid (25 g/1), which we have chosen as our plating solution. Figure 5 shows the variation of the acoustic velocity with concentration of nickel sulfamate. As can be seen in this figure, the velocity decreases linearly with decreasing concentration.
Based on the results of these studies we are now developing a new algorithm that takes into account the concentration-dependent velocity change. If the distance between the transrnitter and the receiver is known, the initial velocity can already be deterrnined with our current system. This means that the above described calibration procedure would no Ionger determine the velocity-distance product, but merely the distance. In order to determine changes in the velocity during plating, it would be possible to monitor the phase of the received acoustic signal, if the rate of concentration decrease is sufficiently low.
